Introduction
The most significant difference between aerospace turbine driven generators or alternators as compared to conventional generators is high power density for the lowest possible weight. No matter which magnetic configuration is selected expensive high performance materials and perhaps even higher manufacturing cost within reason are minor considerations. Even a small savings in generator size as a result of using the best designs and materials can yield rapid paybacks by substantial fuel savings. In the case of certain unmanned airborne vehicles that use generators the lower generator weight yields increased payloads. The design of conventional generators is not based on these principles.
For these high power density machines there seems to be two categories of generators, KW machines and MW machines. For all types there are some historically common magnetic configurations.
A -Axial field (wound or PM) B -Conventional wound radial field C -Conventional surface PM rotor (developed by Gene Aha) D -PM flux squeezing radial field (developed by Dr E. Richter & Dr. L.J. Bailey) E -Claw-rotor with wound or OM field (common with automotive) F -Homopolar There has been much debate and design comparisons performed over the last 30 or more years as to which magnetic circuit configurations are the best choices for each application. A brief summary from the debaters to form some general conclusions is provided so we can get on with this conceptual design of a 1 MW generator.
The claw rotor type can be disregarded at once because several studies have shown that its output is 1.5 to 5 time worse than the best radial field configurations. These same studies show that the flux squeezing radial designs are the best for the smaller generators in the KW & up category. For the MW generator category the studies show that the conventional surface mounted magnet rotor types offer the highest power densities. These are difficult to control as compared to wound field machines with PM exciters but not impossible.
There is a newer type of PM machine that bears careful study that is known as an interior magnet machine that has its output power produced by two magnetic fields linking the stator phase windings. With the magnets of the surface mounted rotor placed just below the surface of the soft iron steel rotor core with soft iron completely over the magnet at the airgap part there exists a reluctance component of the output power. This can be thought of as a hybrid SR/PM synchronous generator. The permanent magnet pole arc and the soft iron poles between the magnets are critical in the design to achieve the balance between the Reluctance and the PM components of flux linkage. The output seems to be easily controlled by the adjustment of the angle between E (back emf) & V (output volts). This same sort of output control can be implemented with surface mounted magnets but not as effectively as with interior magnets. The flux linkage is much easier to change because the soft iron poles are isotropic and the flux can easily be moved tangentially in the poles to control flux linkage. This type of machine is currently being used by Toyota for the Prius hybrid automobile. The output power falls into the KW category. Perhaps some version of this interior magnet machine is worth considering for the MW size machines. (It is important to note that rpm and output power levels both are important considerations and usually drive the final design choices for the magnetic circuit selection.)
It is understood that WPAFB has issued contracts for more or less conventional 1 & 2 MW generators with wound field radial magnetic circuits. Therefore we have tried to optimize a surface mounted PM type, 1 MW generator using some of the processes developed by both Fisher and Motorsoft for the rotor and the stator construction. The goal was for the highest power density possible so the machine is of course assumed to be liquid cooled. The rotor is designed for a high number of poles to reduce the magnetic iron volume and weight required. The cross section of the stator yoke iron is cut in half each time the number of poles is doubled. The weight of heavy magnetic materials comes down rapidly with increasing number of poles. High pole machines are now technically feasible due to the advances in power semiconductors, high speed micro-processors such as DSP's (digital signal processors) and low core loss lamination materials.
The stator design is based upon a lamination construction developed and patented by Fisher that allows the use of the best lamination materials to minimize the core losses and also eliminates wasted material from the stamping process. The stator would be epoxy encapsulated with the latest thermal conductive materials to improve the conduction of the heat sources to the cooling medium through a liquid cooling jacket.
Summary of Initial Sizing of Design Concept

Rotor Diameter Selection
The larger the rotor diameter, the more torque that can be developed per axial length of active magnet, by approximately D 2 . So the question is: "What is the largest diameter rotor that can run at 15000 rpm?"
The diameter is limited by the ability to retain the magnets. The ability to retain the magnets is limited by the strength and pre-stress of the material used for the retainment band.
A suitable nonmagnetic super alloy is chosen for this design which, when analyzed with our retainment ring program, dictates the following design based on allowed stress: 2 X 0.020" thick bands over 8.0 inch diameter magnets ( 0.040" thick) Lift-off speed 16442 (must be greater than 15000 rpm) Safety factor 1.25 Effective band stress, installed 206,000 psi Interference at installation: 0.080 in. (required for initial pre-stress)
With a retainment band of 0.040"thick and an additional mechanical gap of 0.020" per side the magnetic design is based upon a magnetic air gap of 0.060" over an 8.00" diameter rotor.
Rotor Length Selection
The following is a summary chart of the airgap shear stress (Torque/rotor radius/ rotor swept area at airgap) used by the standard surface magnet machines produced by Fisher for the past 10 years for forced air-cooled machines. 
Allowable losses
All machines exhibit a certain surface area for the heat to conduct into the liquid cooling jacket or to a finned air cooled jacket. The following chart summarizes some important data taken from the existing machines designed, built and tested by Fisher such as the stator surface loss density. We assume the coil to frame thermal resistance to be 50% of the total thermal resistance of the machine. The selection of 55/45 ratio of tooth to slot seems to be a good starting point: 
Simulation Results Using PC-BDC (SPEED Software)
Using PC-BDC this design was refined and it was determined that the slots should be much deeper to reduce the copper losses at the expense of core iron losses.
4.1
Cross Section Per Sizing From Section 3.0
The final lamination O.D. was reduced from the projected of 13.50" to 12.00" diameter. The cross section shown is based on copper losses and iron losses that are close to equal based upon the original assumptions used to size the unit. Since the heating due to copper losses is much more difficult to remove via liquid cooling that iron losses, the copper can be reduced as the iron losses increases. This assumes the O.D. and stack of the machine are retained. After several iterations it was found that when the slot depth is increased to provide more winding space for larger wire cross section, the copper losses are reduced faster than the iron losses are increased. The cross section of the back iron decreases as the slot depth is increased which increased the flux density and iron losses in the stator yoke. The next cross section shows the results of more winding space using deeper slots and less back iron or yoke thickness.
Revised Cross Section for Higher Iron Losses & Lower Copper Losses
The stator lamination O.D. was further reduced from12.00 to 11.00" diameter. The efficiency has increased slightly and the copper losses are reduced substantially with a less correspondingly increase in iron losses. The extra heat generated from the iron losses is easily extracted due to the lamination contact with the cooling jacket.
Simulated Output Curves @ 15,000 RPM
A sinusoidal shaped voltage wave shape is most desirable from line to line. The middle graph above indicates that an improvement is required. However with the current slot to pole combination, the resulting flux linkage yields the optimum power density. The wave shape can be improved a number of ways but each will reduce the power density slightly. The next example shows those results using the exact same machine dimensions but with magnet overhang and a full stator slot skew to cause the back emf to be sinusoidal.
Simulation Results Using A One Slot Stator Skew
The skewing of either the stator or the rotor magnets equal to the angle between two adjacent stator slots (360 deg/24 slots = 15 deg skew) results in a very nearly perfect sine wave back EMF which results in near zero torque ripple seen by the turbine during generating. The control angle between the output voltage and the back EMF must be increased slightly from 22.5 deg to 25 deg in order to achieve the 1 MW output. This results in a drop in efficiency and higher copper losses, which seems to be still OK.
(The stator skewing also reduced the output voltage so some magnet overhang to the stator length was added to increase the flux to compensate for that lost by the skewing.) The number of stator slots was increased in accordance with the new stack length to achieve the same output voltage at 15,000 rpm under full load of 1 MW. Since the coils cannot be wound with less than a single turn per coil the 8 parallel paths then had to be changed to 4 through the phase windings to achieve the correct number of effective turns to go with the reduced magnet flux required to generate the rectified 200 VDC min. Both the current density (amps/cross section of copper per turn) and the stator lamination flux density are higher than the other designs. Since the rotor is much shorter than the other designs the gap shear stress increased from 3.6/3.7 psi to 6.8 psi.
Neither Fisher nor Motorsoft have ever attempted such a high a power density machine but many other designs are as high as 10 psi. However this 6.8 value is certainly achievable as long as the cooling system can remove the heat from the windings and the laminations. A more detailed design simulation analysis would be required using a good thermal FEA package. From such an analysis the needed flow of cooling oil could be determined to facilitate cooling to prevent the windings from ever exceeding their design temperature. The back emf is quite sinusoidal which produces very little torque ripple to drive the generator.
Cross Section of High
Summary
The original calculations in section 3 were used to size the unit based upon the spec dimensions, the required performance, the maximum rotor diameter for 15,000 rpm and safe thermal assumptions based upon experience. The first motor modeled in section 4.1 was intended to be based upon the sizing. However it soon became apparent that for the stator/rotor lengths and rotor diameter selected the stator O.D. could be reduced from the maximum of 13.50'' to 12.00". Even then the results indicated that the yoke was too thick with the copper and iron losses about equal.
Section 4.2 shows the results of a smaller stator (11.50" O.D.) and higher core losses but much lower copper losses. The cross section even looks more reasonable. Both models, the original and this one with the 24 slot stator and 8 poles, exhibited a sort of line to line trapezoid back emf which would cause significant torque which might make the turbine unhappy. So we simply skewed the stator stack from one end to the other a single slot. The result is very low torque ripple and a very nice sine back emf as shown in 4.2.2.
Even with these results it was suspected that if a higher density could be properly cooled a shorter unit might be feasible. Therefore continued simulations were tried until the results shown in section 4.3.1 resulted. The number of slots was increased from 24 to 36 and the stack was reduced from 16" down to 8.75". The skew was removed as it is not required with this slot to pole configuration. The result is just as an efficient machine as the others in a much smaller package. The power density is almost doubled with about the same losses. The amount of heat to be removed is the same as the others but the surface area of the stator core that is in contact with the cooling jacket is less than the longer stack. However, is believed that this design is feasible to do this job. 
SECTION NUMBER
APPENDIX
This Appendix contains the input data used to generate the results for each machine design discussed in the main body of the report as well as the Design Sheet for each design. Version 6.5 of PC-BDC for Windows was used for machine design and analysis.
Material selections were made from the database supplied with SPEED for this effort and were the same across all of the designs. "Hiperco50 (7 mil)" was used for the stator, rotor, and shaft steels. "S-L 30MGO" was used for the permanent magnet material.
For each design, in the order presented in the main body, the Template Data input, the winding configuration, and the Design Sheet are shown in this Appendix. The Design Sheet presented for each design was calculated using the Static Analysis calculation in PC-BDC. This Appendix was generated by the program monitor from AFRL/PRPG (Charles Kessler), as opposed to the report's authors, in order to enhance the basic report and further support its conclusions.
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